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In this study, we report soft and solvothermal methods for synthesis of zinc oxide nanoparticles (ZnO NPs). Both
methods involve a precursor and are carried out at the middle low-temperature regime. The effect of different
solvents on the ZnO NPs properties was studied. The nonlinear optical (NLO) response of the NPs was analyzed by
the self-action of picosecond laser pulses at 1064 nm and by second harmonic generation (SHG) of a femtosecond
laser pulses pump at 800 nm. The luminescence was studied within UV-visible ranges. It was shown that the NLO
response efficiency significantly depends on the solvent. The obtained SHG efficiency of small (~2 nm) ZnO NPs is
comparable to the one obtained for large (~150 nm) commercial ZnO NPs. The observed results are important for
the application of the ZnO NPs in biolabeling.
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Zinc oxide (ZnO) is one of the widely used materials. It is
a low-cost semiconductor with a large bandgap (3.37 eV),
high Wannier-Mott exciton binding energy (~60 meV),
and promising luminescent properties [1–8]. The ZnO
nanoparticles (NPs) and quantum dots (QDs) have found
their application in the fields of sensing, LEDs, etc. They
can be assembled with transparent conductive oxide
waveguides for the realization all ZnO-based optoelec-
tronic devices [9]. However, there are a few reports on
synthesizing of ZnO NPs or QDs with ultra-small size;
these results are reviewed in [2]. For this instance, the
control synthesis of ZnO NPs is of interest because they
possess electro-optical properties that differ from their
bulk counterparts, being sensitive to both the NP’s size
and shape.
Various methods [10–13], including synchrotron
radiation-assisted spectroscopes [12, 13], have been re-
ported for the characterization and theoretical modeling
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the Creative Commons license, and indicate ifand nanostructured ZnO [10, 11]. Chemical approaches
for ZnO NPs preparation are the gas-phase techniques,
sol-gel methods, evaporative decomposition of solutions,
and wet chemical syntheses [1, 5]. In a mainstream of a
large-scale synthesis, soft chemical methods can be
chosen due to a low growth temperature and a good
scale-up potential [2, 3].
To obtain small ZnO NPs, we have used a chemical
method under a wet chemistry paradigm, which, by def-
inition, involves stabilization of ZnO core with an or-
ganic amine [6, 14]. In this case, the used templating
agent acted as a weak base promoting the formation of
ZnO NPs [6]. The NPs’ growth condition must be care-
fully chosen to minimize hydrolysis at the earliest stage,
which determines the ZnO core size. The ZnO nucle-
ation and NP growth should pass under the action of
the equimolar amount of hydrolytic agent (H2O). This
condition is satisfied in the case of zinc acetate dihydrate
Zn(CH3COO)2 × 2H2O — the substrate capable of auto-
hydrolysis. A cascade growth of ZnO NPs can be typic-
ally prevented by keeping the hydrolysis within the
absolutized solvent medium. Taking into account the
fact that higher substrate concentration causes smaller
ZnO core size [15, 16], one can limit the growth rateis distributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and
e appropriate credit to the original author(s) and the source, provide a link to
changes were made.
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tion of acetate complex of zinc with an organic poly-
functional amine increases the viscosity of the solution
and reduces the effective size of the cell. Therefore, suffi-
ciently high concentrations of triethanolamine, which
act as a stabilizing agent for the small ZnO NPs by ad-
sorption on the surface, could limit the growth of the
large oxide NPs.
The abovementioned arguments provide background
for a proper choice of the seed mixtures for the NPs
growth process. The properties of the resulted NPs were
compared with the reference NPs obtained by solvother-
mal synthesis and the large commercial NPs (90–200 nm).
In the recent studies on harmonic nanoparticles [17],
the ZnO NPs have shown a high potential for the
application. Such NPs with an efficient nonlinear χ(2)
response can be imaged via the second harmonic gener-
ation (SHG) effect as the contrast mechanism. The ap-
plication in biolabeling requires the NPs size reduction
(at least less than 100 nm) while maintaining the same
level of the SHG efficiency.
In the present work, we provide the nonlinear optical
(NLO) properties and SHG efficiency study of small
ZnO NPs. Their density of defects and sizes were char-
acterized with a range of spectroscopic techniques.
Methods
Reagents and Materials
Triethanolamine (TEA) was purchased from Merck.
Sigma-Aldrich solvents isopropanol (i-PrOH), ethanol
(EtOH), acetonitrile (MeCN), and propylene glycol (PPG)
were dried with molecular sieves and distilled. Aldrich
zinc acetate dihydrate (Zn(CH3COO)2 × 2H2O, ≥99%) was
used as received. Commercial ZnO NPs (Nanostruc-
tured & Amorphous Materials Inc., Houston, USA)
were purchased for comparison with the synthesized
particles. They were specified to contain ZnO NPs of
90–200 nm in size.
Synthesis
Solvothermal Synthesis
The reference ZnO NPs were obtained using the thermal
hydrolysis of Zn(CH3COO)2 × 2H2O in 1-hexadecanol
(HD, ReagentPlus®, 99%, Sigma-Aldrich) smelt according
to the protocol from [18]. The thermal decomposition
of ZnO precursors gives ZnO NPs with an average
size of 50 nm.
Hydrolytic Synthesis
The ZnO NPs were produced as follows: 5.56 g of TEA
was dissolved in 100 ml of abs. solvent, viz. i-PrOH,
EtOH, MeCN, and PPG. The resulting solution was
added to 13.65 g of Zn(CH3COO)2 × 2H2O in Pyrex®
glass autoclave. With constant stirring, the solution washeated to 60 °C for 2 h. At this time, there was a gradual
coloring of the prepared solution to light or pale yellow
during synthesis; see Additional file 1: Figure S1. A sig-
nificant precipitation was observed upon cooling of the
resulting solutions, excluding PPG. The dropped precipi-
tates are colored pale yellow too. It was found that the
hydrolysis at 60 °C gives the best coloration to the ZnO
NPs solution. The growth of ZnO is accompanied by the
luminescence inherent in NPs [19], under UV light at
365 nm (Additional file 1: Figure S2). Since the solution
shows no Tyndall cone, it contains no ZnO colloidal
suspensions.
Characterization
The characterization of optical and nanostructural prop-
erties of prepared ZnO NPs was performed as follows.
Ultraviolet-diffuse reflection (UV-DR) spectra of solid
precipitates containing ZnO NPs and ultraviolet-visible
(UV-Vis) adsorption spectra of ZnO NPs solutions were
recorded with a scanning rate of 1 nm by UV-Vis spec-
trophotometer (Shimadzu UV-2700). Fourier transform
infrared (FTIR) spectra were collected on a Thermo Ni-
colet Nexus 470 FTIR. Photoluminescence (PL) spectra
of the ZnO NPs dispersed in solvents were measured at
25 °C using a spectrofluorimeter (PerkinElmer LS 55, Xe
flash lamp). The excitation and emission spectra were
recorded in the range 200–800 nm under optimal condi-
tions at maximum wavelengths for each studied system.
The spectral data were acquired using 0.5-nm step and
3-nm bandwidths for both emission and excitation
monochromators. X-ray diffraction (XRD) patterns were
registered with CuKα radiation on a Phillips PW 1800
diffractometer.
The NLO response of solid precipitates, obtained from
i-PrOH, EtOH, CH3CN, and HD, were studied within
the self-action of picosecond laser pulses (42 ps FWHM,
repetition rate 15 Hz) at 1064 nm [20, 21]. The precipi-
tates were placed into the bed with ∅ ~ 8 mm in the
Teflon® film positioned between two glass microscope
slides (Marienfeld, 76 × 26 × 1 mm3). The film thickness
d = 340 μm was chosen to provide an optical homogen-
eity of the solid sample layer sufficient for the registra-
tion transmittance level. This approach is described in
detail for the carbon material bulk particle NLO diag-
nostics [22].
The obtained total and on-axis transmittance depend-
encies on the peak intensity I are presented as the
smoothed curves produced by local B-splines of the
measured data. Each curve corresponds to ~5000 regis-
tered laser shots. The relative errors of the curves do
not exceed 0.2% for the total and 1% for the on-axis
transmittance dependencies correspondingly.
The measurements of the SHG efficiency in the ZnO
NPs solutions were performed within the excitation of
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1 kHz) at 800 nm. Figure 1 presents the scheme of the
experimental setup.
The sample was positioned at the distance of 14.5 cm
from the focusing lens L with a focal distance of 11 cm.
The scattered second harmonic (SH) signal readout was
realized at 90° from the laser beam axis by Atik 16IC
CCD camera. In order to cut the fundamental radiation
and extract the SH signal, band-pass (BP, 405 nm, 10-
nm FWHM) filter was positioned on the CCD camera.
The energy of the incident pump pulses was measured
by the photodiode PD.
Taking into account that the displacement energy for
ZnO is higher than 55 eV [23], we do not expect the for-
mation of new vacancies and interstitials under the
applied regimes of laser excitation in the experiments.
Results and Discussions
Consistent with previous studies [6, 7, 14, 19], we ob-
served that the core of ZnO was stabilized with TEA in
abs. solvents, i-PrOH, EtOH, PPG, and MeCN, at the
early stages of ZnAc2 hydrolysis. The ZnO NPs growth
is effected by the high concentration of ZnAc2 together
with TEA. Protecting the ZnO NPs core with adsorbates
on the background of the increasing solution viscosity is
sufficient to prevent the NPs from coagulation. Figure 2a
shows UV-Vis spectra of the resulted ZnO NPs in differ-
ent solvents. Typically, ZnO NPs size reduction causes
the overall UV absorbance decrease and the broadening
of the exciton-related peak at 360–370 nm [24]. In the
presented spectra, we observe the smoothed adsorption
peaks that provide reduced uniform absorption over the
UV range and the blue spectral shift to ~330–350 nm.
According to an approximation in [25], obtained ZnO
NPs can be attributed to spherical particles with average
diameter D of ~1.5–2.0-nm range. The impact of con-
trast viscosity of the resulted ZnO NP solutions could be
a reason of the observed dispersion in the D values.
Also, one should take into account that the absolute
quantity of water is different in the used abs. solvents.Fig. 1 The experimental setup for the SHG efficiency measurements.
PD - reference photodiode, BS - beam splitter, L - lens, CCD - CCD
camera, BP - band-pass filterThe ZnO NPs prepared were analyzed by excitation-
emission spectrofluorimetry technique. PL spectra of
ZnO NPs in different solvents show a broad emission
ranging from 400 to 600 nm with the emphasis in the
violet-blue range, Fig. 2b. The PL spectra were deconvo-
luted into Gaussian peaks at about 2.3, 2.8, and 3.0 eV
(539, 443, and 413 nm, respectively). Several bands of
the PL signal cannot be attributed to the presence of
different NPs since the adsorption of acetate and TEA
should prevent small NPs from aggregation. The PL in-
tensity decreases, in the range of used solutions, from
EtOH to PPG. This result correlates with the NPs con-
centration and UV-Vis absorption (cf. Fig. 2a, b). PL
properties of ZnO, in general, are very sensitive to
defects. The most probable explanation of observed PL
spectra is the presence of numerous energy levels. Typ-
ically, the levels originated from various defects, includ-
ing vacancies and interstitials.
According to Ref. [26], the green emission at ~2.3–
2.4 eV (539–516 nm) is addressed to the transition from
the conduction band (CB) to the deep-level states
assigned to the oxygen vacancies (OV) of the NP inter-
face. The violet and blue emission peaks were addressed
to other defects [27–29]. The peaks at ~413 and 443 nm
could be attributed to transitions between the highest
inter-node and the lowest valence band (VB) [27]. Obvi-
ously, the intensive violet emission is due to defective
zinc interstitial (Zni) levels. The observed blue emission
could be addressed to the different defects even in zinc
vacancies as reported in [28].
The high intensity of the PL emission (see the left insert
in Fig. 2b) indicates a high density of extended defects in
the ZnO structure. This fact once again accentuates a
non-equilibrium character of the NPs formation process.
We prepare three types of ZnO NPs-containing sam-
ples: ZnO NPs in the different solutions (before and
after precipitation) and ZnO NPs dispersed in the pre-
cipitated solids. Figure 3a presents typical FTIR spectra
of reagents, their mixture, and the reaction product,
ZnO NPs solid isolated from EtOH. For spectra com-
parison needs, after the precipitate detachment, the
ZnO NPs were centrifuged from the residual EtOH
solution (at 10,000 rpm for 30 min), and separated
sediment was washed thoroughly with abs. EtOH. The re-
sulted yellow solid was dried in a hot air oven overnight at
60 °C.
For the isolated ZnO NPs, two efficient absorption bands
were observed at about 407 and 503 cm−1. The band at
407 cm−1 was assigned to Zn–O stretching vibration, while
the band at 503 cm−1 can correspond to the oxygen defi-
ciency in ZnO NPs [30]. The H–O–H bending vibration
mode is registered near 1620 cm−1. Asymmetric stretching
vibrations of OH− groups are identified in the range of
3210–3670 cm−1. These observations provided the presence
Fig. 2 a UV-Vis of ZnO NPs in different solvents: EtOH (red line), i-PrOH (green line), MeCN (blue line), PPG (brown line). b PL spectrum of ZnO NPs
in EtOH with Gaussian deconvolution (dashed curves); the left insert demonstrates the PL spectra of ZnO NPs in the solvents; the right insert shows
the scheme of the radiative transitions in blue-violet range, λ - wavelength
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capping agents such as Ac− and TEA from the spectra
comparison (Fig. 3a).
The UV-Vis spectra of solutions containing ZnO NPs
and UV-DRS spectra of the co-precipitated mixture of
the reagents and hydrolysis products (obtained from the
same solutions) are similar (Additional file 1: Figure S3).
A halo registered in the UV-DRS spectra is positioned in
the same spectral range as bands in the UV-Vis spectra
of ZnO NPs containing solutions that can be attributed
to the ZnO NPs contribution.
After co-precipitation, the solutions were reexamined
with UV-Vis spectroscopy (Additional file 1: Figure S4)
and the recorded spectra were interpreted using a for-
mula for the average particle radius [25]:





where λ corresponds to the peak position and indi-
cates larger ZnO NPs in the range of D from 2.0 to
2.8 nm. This means coagulation of ZnO NPs with theFig. 3 a FTIR spectra of ZnO NPs isolated from EtOH solution (red line); abs. Et
all placed between KBr windows; ZnAc2 × 2H2O (green line) and ZnO NPs solid
versus photon energy hν for residual ZnO NPs in abs. EtOH solutionsmaller size (D ~1.5–2.0 nm) after the temperature re-
duction to 16 °C. A small area of the absorption peak
and plenty of precipitated solid indicate that the
remaining concentration of the ZnO NPs is very low.
The NPs growth process does not reach the stoichiomet-
ric composition of NPs cores that was confirmed by the
blue emission at about 443–450-nm manifestation in the
PL spectra (Fig. 2b). At the background of the
stabilization with the same amine, the size of ZnO NPs
is weakly dependent on the used solvents.
The optical bandgap energy (Eg) was estimated from
Tauc plots (Fig. 3b, Additional file 1: Figure S3). To esti-
mate the bandgap shift with the NPs size, one can use
the cluster size equation from Jortner’s work [31]. In the
case of ZnO NPs, we used the modified form of the
equation proposed in [32]:
Eg ¼ 3:35 þ 100⋅ 18:1⋅D2 þ 41:4⋅D–0:8
 −1 ð2Þ
In contrast to the Brus equation [33] that can be ap-
plied for larger NPs of above 6 nm in diameter, the range
of validity of Eqn. (2) covers the NPs sizes from D ~2.5
to 6 nm [32]. However, in the present case, the value ofOH (pink line); TEA (yellow green line); ZnO NPs in EtOH solution (blue line);
precipitate from EtOH (black line) (tablets in в KBr). b Tauc plot of (αhν)2
Fig. 4 The photoinduced variations of the total transmittance due to the self-action of the picosecond laser pulses at 1064 nm for the ZnO NPs
precipitates, obtained from different solvents. a The total transmittance versus the peak laser intensity. b The same smoothed total transmittance
dependencies that were normalized on T0 (see Table 1) — the transmittance in a linear regime
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responds to the NPs sizes varying from D ~1.8 to
1.2 nm, which is far below the recommended interval.
Summing up the observations collected during the
preparation of the solid precipitates, we will briefly dis-
cuss the findings below. Undoubtedly, the ZnO NPs
have the potential to be immobilized by occlusion — the
incorporation of nanoparticles inside the growing solid.
Typically, the precipitate, at the initial formation stage,
captures the small ZnO NPs, of ca. 2–3 nm, contained
in the solutions. The fast rate of the process prevents
further NPs growth. It resulted in the formation of the
solids containing defective ZnO NPs, which are similar
to the ones reported in [34, 35]. In contrast to the small
ZnO NPs, the solids with HD contains 50 nm ZnO cov-
ered with HD and the rest of the hydrolysis products.
In comparison to good-quality XRD patterns reported
in [32, 36], the XRD patterns obtained in this work are
mainly of a lower quality. We assume this is due to the
semi-amorphous origin of the solids and a low content
of ZnO NPs covered with a mixture of reagents and
products.
It should be noted that the NLO characterization of
the ZnO NPs precipitates was done at the wavelength
1064 nm (1.17 eV). The laser quanta 1.17 eV can in-
duce resonant two-photon absorption transitions into
the VO band with a peak at about ~2.4 eV. The pre-
cise peak position and the area obtained from theTable 1 PL and NLO parameters
Solvent Parameters of VO band





The transmittance in a linear regime T0, the effect of the solution on the VO band (~51
the PL spectra, the real and imaginary parts of the cubic NLO susceptibility χ(3) for theGaussian decomposition of the PL spectra are pre-
sented in Table 1.
Figure 4a presents the photoinduced variations of the
total transmittance of the solid precipitates, obtained
from i-PrOH, EtOH, MeCN, and HD. It was shown the
total transmittance variation in the studied peak inten-
sity range to be slow. At the initial I ≤ 2 MW/cm2 range,
the total transmittance was approx. constant (T0) that
corresponded to the linear regime of the optical trans-
mittance. The T0 magnitude significantly depends on the
solvent; see Table 1. In the range of used solvents, the
magnitude reduces in the following order HD > EtOH >
i-PrOH > MeCN. To derive the photoinduced effect
manifestation from the linear response of a background,
we normalized the obtained dependencies (Fig. 4a) on a
linear transmittance T0. The results are shown in Fig. 4b
as smoothed curves with the relative error of about
±0.2% [22].
Analysis of the presented data reveals non-monotonic
photoinduced total transmittance variations in precipi-
tates from EtOH, i-PrOH, and MeCN, while for the case
of HD, monotonic photoinduced darkening was ob-
served. For the peak intensity range >100 MW/cm2, the
efficient photodarkening for all studied samples can be
attributed to the two-photon resonant excitation of the
VO. For this range, from the obtained dependencies, the
imaginary part of the cubic NLO susceptibility Im(χ(3))
was estimated within the approach described in [20].NLO parameters





4–530 nm) peak position and area obtained from the Gaussian decomposition of
ZnO NPs precipitates obtained from different solvents
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Im(χ(3)) magnitudes decrease in the following order
EtOH > i-PrOH > MeCN that correlates with the VO
band area, being proportional to the NPs concentration.
The on-axis transmittance dependencies reveal the dif-
ferent sign of the refractive NLO response for the ZnO
NPs precipitates, obtained from different solvents. The
photoinduced self-focusing effect was observed for
MeCN and EtOH while the self-defocusing one for HD
and i-PrOH. From the obtained dependencies, the real
part of the cubic NLO susceptibility Re(χ(3)) was esti-
mated [22]. The observed Re(χ(3)) positive magnitudes
for the ZnO NPs precipitates, obtained from MeCN and
EtOH, can be explained by the two-photon resonant ex-
citation of the oxygen vacancies. The two quanta energy
2.33 eV does not exceed the VO band spectral position
(see Table 1) that determines the positive refractive NLO
response of the trapped carriers [37]. In this case, a more
efficient refractive response of ZnO NPs in MeCN is
dealing with better overlapping of the VO band position
with the two-photon laser quanta energy.
The manifestation of the self-defocusing effect
(Re(χ(3)) < 0) for the ZnO NP precipitate obtained from
i-PrOH solutions requires more detailed study.
We have also performed the SHG efficiency measure-
ments for ZnO NPs in EtOH and i-PrOH within femto-
second laser pulse excitation at 800 nm. The results
were compared with the colloidal suspension of large
ZnO NPs in EtOH, to be referred to as bulk ZnO. This
suspension was prepared from the NPs with different
sizes ranging from 90 to 200 nm, as in [17]. The average
particle size was ~150 nm. In such NPs, the SHG effi-
ciency is determined by the electric dipole mechanism
and proportional to the square volume. The SH signal
dependencies are presented in Fig. 5b in a log–log scale.
In order to compare the results, we analyzed the SHG
efficiency in certain excitation ranges. The effective order
p of the NLO response I2ω ~ (Iω)
p was estimated from the
slope of the linear approximation of the presented de-
pendencies. At peak intensity range 10–13 GW/cm2, theFig. 5 a The photoinduced variations of the on-axis transmittance due to t
precipitates, obtained from different solvents. b The SHG signal in ZnO NPs
peak intensity of the pump femtosecond laser pulses at 800 nmmaximal p = 1.9 was obtained for the i-PrOH solution
containing ZnO NPs. The synthesized and large ZnO NPs
demonstrated lower p = 1.7 in the EtOH. Higher SHG effi-
ciency in the small ZnO NPs instead of the large ones in-
dicates the manifestation of the surface mechanisms on
the background of the bulk response.
For Iω > 15 GW/cm
2, we have observed higher SH
magnitude from the larger NPs with p = 2.3. It can be
explained by the cubic NLO response contribution into
the SHG efficiency enhancement. The similar effect was
observed in the KDP single crystals with incorporated
TiO2 NPs [38].
The obtained result indicates the high brightness of
the SHG signal of the synthetized novel small (~2 nm)
ZnO NPs, making them promising for biolabeling appli-
cation [39].
Conclusions
A set of the ZnO NPs with efficient luminescent and
quadratic NLO responses was successfully prepared by
the hydrolytic route. The ZnO NPs demonstrated the
emission in the solution and in the solid state. The solu-
tions and solid precipitates containing ZnO NPs were
characterized with UV-Vis/UV-DRS and FTIR spectros-
copy. Small ZnO NPs were stabilized at the early stages
of hydrolysis by protecting NPs cores with adsorbates
and limiting the particles’ growth. The analysis of UV-
Vis absorption in the range of 330–350 nm revealed the
obtained ZnO NPs sizes within 2.0–2.8 nm.
The PL emission and UV-Vis absorption manifestation
with increases symbate with the concentration of ZnO
NPs. It grows in the following order of the solvents
EtOH > i-PrOH > MeCN > PPG. The violet, blue, and
green PL band emissions from the solutions were ad-
dressed to the NPs with high-defect concentration.
The NLO characterization of the ZnO NPs containing
precipitates was provided by the self-action effect moni-
toring within the picosecond laser pulses at 1064 nm. It
was shown that the ZnO NPs containing precipitates
obtained from different solvents produce a differenthe self-action of picosecond laser pulses at 1064 nm for the ZnO NPs
solutions and colloidal suspension (commercial bulk ZnO) versus the
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The correlation between the Im(χ(3)) magnitudes and the
area of the PL band at about 2.34–2.41 eV that related to
the oxygen vacancies in ZnO was revealed. These results
indicate high potential of the applied technique for the
ZnO NPs diagnostics.
The second harmonic generation in the ZnO NPs was
studied within the femtosecond laser excitation at
800 nm. It was shown that the SHG efficiency of the
synthetized ZnO NPs (~2 nm) and the large commercial
ZnO NPs (~150 nm) are comparable. The effect is import-
ant for the application of small ZnO NPs in biolabeling.
Additional file
Additional file 1: Figure S1. A typical color change of EtOH (a–c) and
(d–e) i-PrOH solutions of Zn(CH3COO)2 × 2H2O, at different stages of the
interaction of components: (a) starting solution 1–2 min after the preparation,
(b) 30 min, and (c) 1-h heating at 60 °C; (d) 20 min after the preparation, (e)
60 min, and (f) 2-h heating at 60 °C. Figure S2. The starting i-PrOH solution
of Zn(CH3COO)2 × 2H2O (a) and (b–c) luminescence of ZnO NP ob-
tained by hydrolysis. Figure S3 a, b. Comparison of UV-Vis spectra of ZnO
NP in solutions and solid precipitates. Figure S4. UV-Vis spectra of ZnO NP
in the resulted solutions (a) EtOH, (b) i-PrOH, (c) MeCN, and (d) PPG.
(PDF 346 kb)
Acknowledgements
This work was partially supported by joint NASU-NASB project No. 04-02-15
and NASU project B/166. The work was partially performed at CCU IP NASU
facilities.
Authors’ contributions
VYaG supervised the project as the scientific group leader and principal
investigator. VVL and OYuB conceived the idea of synthesis. ANZ and VOK
did the synthesis. AVU and VVM performed the optical measurements and
data analysis. VVL, VOK, and OYuB conducted the spectroscopic and analytic
measurements. RPL carried out the PL measurements. All the authors
analyzed and discussed the results. VYaG, AVU, and VVL wrote the
manuscript. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Author details
1Institute of Physics, National Academy of Science of Ukraine, 46, Prospect
Nauky, Kyiv 03680, Ukraine. 2Faculty of Chemistry, Taras Shevchenko National
University of Kyiv, 62a, Volodymyrska Str., Kyiv 01601, Ukraine.
Received: 30 December 2016 Accepted: 20 February 2017
References
1. Chetia TR, Ansari MS, Qureshi M (2016) Rational design of hierarchical ZnO
superstructures for efficient charge transfer: mechanistic and photovoltaic
studies of hollow, mesoporous, cage-like nanostructures with compacted
1D building blocks. Phys Chem Chem Phys 18:5344–5357. doi:10.1039/
c5cp07687k
2. Mei T, Hu Y (2011) Synthesis, self-assembly and optoelectronic properties of
monodisperse ZnO quantum dots, optoelectronic devices and properties,
Ed. Sergiyenko O, InTech China, Shanghai, pp. 215–240. doi:10.5772/14389
3. Sun X, Li Q, Jiang J, Mao Y (2014) Morphology-tunable synthesis of ZnO
nanoforest and its photoelectrochemical performance. Nanoscale 6:8769–8780.
doi:10.1039/C4NR01146E
4. Li X, Zhou X, Liu Y, Sun P, Shimanoe K, Yamazoe N, Lu G (2014) Microwave
hydrothermal synthesis and gas sensing application of porous ZnO core–shell
microstructures. RSC Adv 4:32538–32543. doi:10.1039/C4RA03789H5. Maria MJ, Balanand S, Anas S, Mohamed AP, Ananthakumar S (2016) Zn-dust
derived ultrafine grained ZnO non-linear ceramic resistors via in-situ thermal
oxidation of cermet reactant mixture. Mater Design 92:387–396. doi:10.1016/j.
matdes.2015.12.053
6. Shi W, Song S, Zhang H (2013) Hydrothermal synthetic strategies of inorganic
semiconducting nanostructures. Chem Soc Rev 42:5714–5743. doi:10.1039/
C3CS60012B
7. Tonto P, Mekasuwandumrong O, Phatanasri S, Pavarajarn V, Piyasan P (2008)
Preparation of ZnO nanorod by solvothermal reaction of zinc acetate in
various alcohols. Ceram Int 34:57–62. doi:10.1016/j.ceramint.2006.08.003
8. Jincheng Fan J, Li T, Heng H (2016) Hydrothermal growth of ZnO
nanoflowers and their photocatalyst application. Bull Mater Sci 39:19–26.
doi:10.1007/s12034-015-1145-z
9. Liu Y, Li Y, Zeng H (2013) ZnO-based transparent conductive thin films: doping,
performance, and processing. J Nanomater 2013:196521. doi:10.1155/2013/196521
10. Liu Y, Kang ZH, Chen ZH, Shafiq I, Zapien JA, Bello I, Zhang WJ, Lee ST
(2009) Synthesis, characterization, and photocatalytic application of different
ZnO nanostructures in array configurations. Cryst Growth Des 9:3222–3227.
doi:10.1021/cg801294x
11. Kaurova IA, Kuz’micheva GM, Rybakov VB, Cousson A, Gayvoronsky VY
(2014) Structural peculiarities and point defects of bulk-ZnO single crystals. J
Alloy Compd 616:71–75. doi:10.1016/j.jallcom.2014.07.027
12. Balasubramanian C, Bellucci S, Cinque G, Marcelli A, Guidi MC, Piccinini M,
Popov A, Soldatov A, Onorato P (2006) Characterization of aluminium
nitride nanostructures by XANES and FTIR spectroscopies with synchrotron
radiation. J Phys: Cond Matter 18:S2095. doi:10.1088/0953-8984/18/33/S25
13. Popov AI, Shirmane L, Pankratov V, Lushchik A, Kotlov A, Serga VE, Kulikova LD,
Chikvaidze G, Zimmermann J (2013) Comparative study of the luminescence
properties of macro- and nanocrystalline MgO using synchrotron radiation.
Nucl Instr Meth Phys Res B 310:23–26. doi:10.1016/j.nimb.2013.05.017
14. Hu Z, Oskam G, Searson PC (2003) Influence of solvent on the growth of
ZnO nanoparticles. J Colloid Interface Sci 263:454–460. doi:10.1016/S0021-
9797(03)00205-4
15. Feng ZC (2012) Handbook of zinc oxide and related materials: volume two,
devices and nano-engineering, CRC Press, Boca Raton
16. Bergman L, McHale JL (2011) Handbook of luminescent semiconductor
materials, CRC Press, Boca Raton
17. Joulaud C, Mugnier Y, Djanta G, Dubled M, Marty J-C, Galez C, Wolf J-P,
Bonacina L, Le Dantec R (2013) Characterization of the nonlinear optical
properties of nanocrystals by Hyper Rayleigh Scattering. J Nanobiotechnology
11:S8. doi:10.1186/1477-3155-11-S1-S8
18. Andelman T, Gong Y, Polking M, Yin M, Kuskovsky I, Neumark G, O’Brien S
(2005) Morphological control and photoluminescence of zinc oxide
nanocrystals. J Phys Chem B 109:14314–14318. doi:10.1021/jp050540o
19. Pourrahimi AM, Liua D, Pallon LKH, Andersson RL, Martínez Abad A, Lagarón
J-M, Hedenqvist MS, Ström V, Gedde UW, Olsson RT (2014) Water-based
synthesis and cleaning methods for high purity ZnO nanoparticles—comparing
acetate, chloride, sulphate and nitrate zinc salt precursors. RSC Adv 4:35568–
35577. doi:10.1039/C4RA06651K
20. Gayvoronsky VYa, Popov AS, Brodyn MS, Uklein AV, Multian VV, Shul’zhenko
OO (2015) The effect of sintering temperature on linear and nonlinear optical
properties of YAG nanoceramics. In: Nanocomposites, nanophotonics,
nanobiotechnology, and applications, vol 156. Springer, Cham, pp 147–164.
doi:10.1007/978-3-319-06611-013
21. Uklein AV, Popov AS, Multian VV, Brodyn MS, Kononets VV, Sidletskiy OT,
Gayvoronsky VYa (2015) Photoinduced refractive index variation within
picosecond laser pulses excitation as the indicator of oxyorthosilicates
single crystals composition modification. Nanoscale Res Lett 10:102.
doi:10.1186/s11671-015-0799-1
22. Uklein AV, Diyuk VE, Grishchenko LM, Kozhanov VO, Boldyrieva OY, Lisnyak
VV, Multian VV, Gayvoronsky VYa (2016) Characterization of oxidized carbon
materials with photoinduced absorption response. Appl Phys B 122:287.
doi:10.1007/s00340-016-6561-2
23. Popov AI, Kotomin EA, Maier J (2010) Basic properties of the F-type centers in
halides, oxides and perovskites. Nucl Instr Meth Phys Res B 268:3084–3089
24. Goh EG, Xu X, McCormick PG (2014) Effect of particle size on the UV
absorbance of zinc oxide nanoparticles. Scr Mater 78:49–52. doi:10.1016/j.
scriptamat.2014.01.033
25. Satyanarayana Talam S, Karumuri SO, Gunnam N (2012) Synthesis,
characterization, and spectroscopic properties of ZnO nanoparticles. ISRN
Nanotechnology 2012:372505. doi:10.5402/2012/372505
Multian et al. Nanoscale Research Letters  (2017) 12:164 Page 8 of 826. Ye JD, Gu SL, Qin F, Zhu SM, Liu SM et al (2005) Correlation between green
luminescence and morphology evolution of ZnO films. Appl Phys A 81:759–
762. doi:10.1007/s00339-004-2996-0
27. Zeng H, Duan G, Li Y, Yang S, Xu X, Cai W (2010) Blue luminescence of ZnO
nanoparticles based on non-equilibrium processes: defect origins and emission
controls. Adv Funct Mater 20:561–572. doi:10.1002/adfm.200901884
28. Willander M, Nur O, Sadaf JR, Qadir MI, Zaman S, Zainelabdin A, Bano N,
Hussain I (2010) Luminescence from zinc oxide nanostructures and polymers
and their hybrid devices. Materials 3:2643–2667. doi:10.3390/ma3042643
29. Bandopadhyay K, Mitra J (2015) Paper Zn interstitials and O vacancies
responsible for n-type ZnO: what do the emission spectra reveal? RSC Adv
5:23540–23547. doi:10.1039/C5RA00355E
30. Xiong G, Pal U, Serrano JG, Ucer KB, Williams RT (2006) A
photoluminescence and FTIR study of ZnO nanoparticles: the impurity and
defect perspective. Phys Stat Sol C 3:3577–3581. doi:10.1002/pssc.200672164
31. Jortner J (1994) Cluster size effects. Z Phys D 24:247–275. doi:10.1007/
BF01425749
32. Viswanatha R, Sapra S, Satpati B, Satyam PV, Dev BN, Sarma DD (2004)
Understanding the quantum size effects in ZnO nanocrystals. J Mater Chem
14:661–668. doi:10.1039/B310404D
33. Brus L (1986) Electronic wave functions in semiconductor clusters: experiment
and theory. J Phys Chem 90:2555–2560. doi:10.1021/j100403a003
34. Asok A, Ghosh S, More PA, Chopade BA, Gandhi MN, Kulkarni AR (2015)
Surface defect rich ZnO quantum dots as antioxidants inhibiting α-amylase
and α-glucosidase: a potential anti-diabetic nanomedicine. J Mater Chem B
3:4597–4606. doi:10.1039/C5TB00407A
35. Camarda P, Messina F, Vaccaro L, Agnello S, Buscarino G, Schneider R,
Popescu R, Gerthsen D, Lorenzi R, Gelardi FM, Cannas M (2016)
Luminescence mechanisms of defective ZnO nanoparticles. Phys Chem
Chem Phys 18:16237–16244. doi:10.1039/c6cp01513a
36. Collantes Y, Perales-Perez O (2013) Crystal size on the structural and functional
properties of waterstable monodisperse ZnO nanoparticles synthesized via a
polyol-route. Mater Res Soc Symp Proc 1551:117–122. doi:10.1557/opl.2013.901
37. Duchateau G, Geoffroy G, Dyan A, Piombini H, Guizard S (2011) Electron-
hole dynamics in normal and deuterated KH2PO4 illuminated by intense
femtosecond laser pulses. Phys Rev B 83:075114. doi:10.1103/PhysRevB.83.075114
38. Gayvoronsky VYa, Kopylovsky MA, Brodyn MS, Pritula IM, Kolybaeva MI,
Puzikov VM (2013) Impact of incorporated anatase nanoparticles on the
second harmonic generation in KDP single crystals. Las Phys Lett 10:035401.
doi:10.1088/1612-2011/10/3/035401
39. Staedler D, Magouroux T, Hadji R, Joulaud C, Extermann J, Schwung S, Dantec
RL et al (2012) Harmonic nanocrystals for biolabeling: a survey of optical
properties and biocompatibility. ACS Nano 6:2542–2549. doi:10.1021/nn204990nSubmit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
